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ABSTRACT

We demonstrate a simple and novel approach for the synthesis of a kind of anatase TiO, nanowires.
The method is based on a hydrothermal method under normal atmosphere without using the com-
plex Teflon-lined autoclave, high concentrations NaOH solution and long react time. The as-prepared
materials are characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and elec-
trochemical measurements. The obtained anatase TiO, nanowires show excellent performance. There
is a potential plateau at 1.77 and 1.88V in the process of Li insertion and extraction, and the initial Li
insertion/extraction capacities are 283 and 236 mAh g-! at the density of 20mAg-!, respectively. In the
20th cycle, the reversible capacities still remain about 216 and 159 mAhg-! at the current densities of
20 and 200mA g1, respectively, and the coulombic efficiency is more than 98%, exhibiting excellent
electrochemical performance.

Anode material
Nanowires

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable lithium-ion cells are key components of the
portable, entertainment, computing, and telecommunication
equipment because of their high-energy storage density, high volt-
age, long cycle life, high-power sources, and ambient temperature
operation [1,2]. In this area, cathode materials have been widely
studied, such as LiMn;0y, LiCoO,, LiNij;3Mny;3C01/302, LiFePOy,
etc. [3-6]. However, the anode materials also play an important role
in the lithium-ion batteries. The carbon negative electrode used
in rechargeable lithium-ion cells suffers from a number of prob-
lems; most notably the potential for lithium intercalation is close to
that of the Li*/Li redox couple, leading to the possibility of lithium
plating during charge and hence significant safety concerns, also
charge must be consumed in order to form the SEI layer (essential
to the operation of the carbon electrode) on the first charge cycle.
Titanium oxide (TiO;)is probably the most widely studied semicon-
ducting metal oxides due to its great application potential in many
fields, such as photocatalysis, sensors, solar cells, and lithium-ion
batteries.

Nanoscale materials often exhibit physical and chemical prop-
erties that differ greatly from their bulk counterpart [7]. Therefore,
nanostructured TiO, has been widely investigated as a key material
in fundamental research and technological applications in the fields
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of optical devices, photovoltaic cells, photocatalysts, gas sensing,
and electrochemical storage [8-11]. Particularly, much attention
has been paid to nanostructured TiO, for Li-insertion, because it
is not only a low-voltage insertion host for Li*, but also a fast Li-
insertion/extraction host. These characteristics render it a potential
anode material for lithium-ion batteries [12-14].

Recently, nanotubular TiO,, TiO, nanorods, and TiO, (B)
nanowires have been studied by many researchers. They always
mixed the TiO, nanoparticles and high concentrations NaOH solu-
tion (or HF solution), and added the mixture into Teflon-lined
autoclave to be autoclaved at 110 ~200°C for 24 ~72h [15-21].
According to S.Z. Makarov’s report, Ti(OH)4 can react with H,0,
to form the compound TiO3-2H,0. The compound of the composi-
tion TiO3-2H,0 should be written in the form Ti(OOH)(OH)3, since
it can be regarded as a derivative of Ti(OH); with one hydroxyl
group replaced by a perhydroxyl (OOH) ground [22].This method
using coordination agent of H,0, is widely used in catalyst and
photocatalysis fields to obtain nanosize TiO, thin film [23-25]. In
Mitsunori Yada’s report, titania and titanate nanofiber were syn-
thesized by mixing peroxotitanic acid solution with NaOH aqueous
solution [26]. In our previous study, we use the hydrogen peroxide
as a coordination agent which can provide a kind of ligand (0,2~
ion) to dissolve Ti from the hydrolyzed titania precipitate. Several
0,2~ ions can react with the Ti of high-titanium precipitate to form
alarge anion in which Ti is taken as the central ion and can exist sta-
bly in the alkaline solution. The coordination agent of H, 0, is firstly
used in leaching of hydrolyzed titania residue decomposed from
mechanically activated Panzhihua ilmenite leached by hydrochlo-
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Fig. 1. The experimental procedure.

ric acid [27]. This method using coordination agent of H,0, has
not been used in prepartion of TiO, nanowires at present. In this
paper, we propose a novel, simple and improved route for obtaining
the TiO, nanowires by means of simple boiling of titanium perox-
ide solution instead of hydrothermal treatment of TiO, in alkaline
solutions. Anatase TiO, nanowires with excellent electrochemical
performance can be successfully synthesized without using the
complex Teflon-lined autoclave, high concentrations NaOH solu-
tion and long react time.

2. Experimental
2.1. Synthesis and characterization

Anatase TiO, nanowires were synthesized by adding 15g of Ti(OC4Hg)4 to a
100 ml de-ionized water in the 250 ml beaker and white slurry was observed. After
stirring for 5min, 20g of 30 wt.% H,0, solution was added into the beaker and
ammonia solution (12.5 wt.%) was added into the beaker to maintain pH value near
10.5. After about 40 min, the white slurry was dissolved to form a yellow-green
solution, and then transferred to a 1000 ml Beaker. After that, 400 g of 5 wt.% NaOH
solution was added into the beaker, and then boiled to boiling point under vigorous
stirring in an oil bath. One hour later, the white slurry was formed and filtrated. The
obtained precipitate was washed 2 times with 2 wt.% HNOs solution, then washed
with de-ionized water several times. Finally, the white product was dried at 120°C
for more than 8 h and the precursor was obtained. Further, the dried precursor was
calcined at 400°C for 3 h in air to obtain anatase TiO, nanowires. The experimen-
tal procedure was shown in Fig. 1.The precursor nanowires and TiO, nanowires
were analyzed using inductively coupled plasma emission spectroscopy (ICP, IRIS
intrepid XSP, Thermo Electron Corporation). The SEM images of the particles were
observed with scanning electron microscopy (SEM, Sirion 200). The powder X-ray
diffraction (XRD, Rint-2000, Rigaku) using CuKo radiation was employed to iden-
tify the crystalline phase of the precursor and TiO, nanowires. The elements on
the surface of samples were identified by energy-dispersive X-ray spectroscopy
(EDS).

2.2. Electrochemical measurement

The electrochemical performance was performed using a two-electrode coin-
type cell (CR2025) of Li,LiPFs (EC: EMC: DMC=1: 1: 1 in volume),TiO,. The working
cathode was composed of 80 wt.% TiO, powders, 10 wt.% acetylene black as con-
ducting agent, and 10 wt.% poly (vinylidene fluoride) as binder. After being blended
in N-methyl pyrrolidinone, the mixed slurry was spread uniformly on a thin cop-
per foil and dried in vacuum for 12h at 120°C. A metal lithium foil was used as
the anode. Electrodes were punched in the form of 14 mm diameter disks, and the
typical positive electrode loading was about 1.95 mg/cm?. A polypropylene micro-
porous film was used as the separator. The assembly of the cells was carried out in

a dry argon-filled glove box. The cells were charged and discharged over a voltage
range of 1.0-3.0V versus Li/Li* electrode at room temperature.

3. Results and discussion
3.1. Morphology and structure of the materials

Fig. 2 shows SEM images of the precursor (a, b) and as-prepared
TiO, (c, d). From the Fig. 2(b and d), porous spherical particles or
microspheres with a diameter of 500-700 nm and rough surface
are observed obviously chestnut-like morphology which is firstly
reported in our paper. Two enlarged images of the particles of the
precursor and as-prepared TiO, indicate that the spherical parti-
cles or microspheres are composed of aggregations of nanowires
(Fig. 2(a and c)). The precursor is calcined at 400°C for 3 h to syn-
thesize TiO,. As shown in Fig. 2, the morphology images of the
precursor and as-prepared TiO, are the similar nanowires struc-
ture. These nanowires are of diameter 20 nm and can extend up to
250 nm in length. Compared with other nanostructured TiO,, the
unique morphology would make the active material contact with
electrolyte more sufficiently, which improve the electrochemical
property.

Fig. 3 shows the XRD patterns of the precursor and as-
prepared TiO,. According to Ma’s report, the peaks of the
precursor nanowires marked in curve (Fig. 3(a)) can be readily
indexed to a lepidocrocite-type titanate phase (e.g., orthorhom-
bic HxTiy_y/4yx404-H20, here x~0.7, y: vacancy, a=0.3783 nm,
b=1.8735nmand c=0.2978 nm)[28]. The broad peaks at 20 = 8.85°,
24.1°, 27.8°, 48.3° and 61.7° correspond well with (020), (110),
(130),(200) and (002) reflections of the lepidocrocite titanates.
Fig. 3(b) displays the diffraction peaks of as-prepared TiO, from the
precursor nanowires. The as-prepared TiO, with high crystallinity
iswellascribedtothe(101),(110),(200),(211),(204),(116)and
(215) diffraction peaks of anatase TiO, [29]. It indicates that after
calcined at 400 °C for 3 h, the structure of the precursor nanowires
has changed into anatase TiO, nanowires. The anatase nanostruc-
tured TiO, which facilitates the insertion/extraction of Li* during
discharge/charge would exhibit excellent electrochemical perfor-
mance. ICP analysis reveals that Na and other impurity elements
are not detected in the precursor and as-prepared TiO,. We also
detect elements on the surface of samples by EDS. As shown in
Fig. 3(c and d), Na and other impurity elements are absent in the
precursor and as-prepared TiO,, which are consistent with the ICP
results.

3.2. Electrochemical performance

Fig. 4(a) shows the initial three potential-capacity profiles of
anatase TiO, nanowires at the charge/discharge current density of
20mAg-!. There are distinct potential plateaus at 1.77 and 1.88V
for discharging and charging, respectively. A similar potential
plateaus have also been observed in other literatures [30,31]. In the
first discharge process, the anatase TiO, nanowires electrode exhib-
ites aremarkably high initial discharge capacity at a current density
of 20mAg-1, up to 283 mAhg-!, which is near the stoichiometry
Li/Ti= 0.84. Compared with traditional materials, the larger capac-
ity obtained may be ascribed to a shorter diffusion length for both
the electron and Li*, and a larger electrode/electrolyte contact area
of TiO, nanowires which facilitate the lithium ions’ insertion and
extraction. The subsequent Li* extraction, proceeding up to 3.0V,
shows a capacity of 236 mAh g1, with a relatively low coulombic
efficiency (ratio of exaction to insertion capacity) of 82% and a large
irreversible capacity (47 mAh g~1). However, in the subsequent two
cycles, the discharge/charge curves are almost coincided with each
other, indicating a low irreversible capacity and a higher coulom-
bic efficiency. From Fig. 4(b and c), the discharge specific capacities
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Fig. 3. XRD patterns of the precursor (a) and as-prepared TiO, (b); EDS patterns of the precursor (c) and as-prepared TiO, (d).
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Fig. 4. (a) First three potential-capacity profiles of anatase TiO, nanowires at the charge/discharge current density of 20mAg-'; (b) Fifth cycle discharge-charge capacity
of the anatase TiO, nanowires at the different current densities; (c) Variation of discharge capacity and coulombic efficiency with the number of cycles for the anatase TiO,
nanowires at the different current densities; (d) Representative cyclic voltammogram plots of anatase TiO, nanowires electrodes at 0.1 mVs-!.

of 238, 209 and 189 mAh g~! are obtained at the current densities
of 20, 100 and 200mAg~!. After a relatively large capacity drop
in the first cycle, the capacity in the second cycle was still great
(241 mAhg-1). This anatase TiO, nanowires exhibits a favorable
cycling capability during the subsequent charge/discharge, namely,
almost 90.5% discharge capacity retention, from the 2nd to the 20th
cycle. At the higher current densities, after 20 cycles, this anode
marerial retains 75% of its initial discharge capacity (220mAhg-1)
and retains 80% of its initial discharge capacity (198 mAh g—1) at the
current densities of 100 and 200mAg~1, respectively. According
to the variation of coulombic efficiency (Fig. 4(c)), at all the cur-
rent densities, the coulombic efficiencies reach more than 98% after
the first cycle and gradually increase to 100%. It suggests the high
reversibility and stability of Li-intercalation and de-intercalation
for the anatase TiO, nanowires, which is also shown in Fig. 4(d).
As shown, in the first cycle, there is a pair of cathodic/anodic
peaks centered at 1.57 and 2.07V, corresponding to the lithium
insertion/extraction in anatase TiO, lattice, respectively. In the sec-
ond cycle, there is a sharp single pair of cathodic/anodic peaks
located at 1.7 and 2.14 V with well-defined shoulders. The cathodic
and anodic peaks are in accordance with the plateaus of the dis-
charging/charging curves. The measured value of the ratio for peak
currents ipa/ipc is nearly 1, and the integral voltammetric area
of the discharging/charging branches is almost equal, indicating
a very perfect coulombic efficiency. These demonstrate that the

anatase TiO, nanowires exhibit excellent electrochemical perfor-
mance.

4. Conclusions

In summary, the anatase TiO, nanowires are synthesized by a
simple and novel hydrothermal method without using the com-
plex Teflon-lined autoclave, high concentrations NaOH solution
and long react time. Owing to its’ special nanostructure, the
anatase TiO, nanowires have excellent electrochemical perfor-
mance. There are long voltage plateaus in the discharging/charging
curves. Cycling efficiency is excellent, as is the capacity retention on
cycling after an irreversible capacity on the first cycle. The coulom-
bic efficiency more than 98% and the good symmetry of the cyclic
voltammogram reveal excellent reversibility. This anode material
also presents good cycling performance. The high-performance
anatase TiO, nanowires anode material coupled with the simple,
low temperature, less react time, low cost, and environmentally
benign nature of the preparation method may make this material
attractive for large applications.
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